؉ T-cell depletion is the hallmark of AIDS pathogenesis. Multiple mechanisms may contribute to the death of productively infected CD4
Human immunodeficiency virus type 1 (HIV-1) is the causative agent of AIDS. CD4
ϩ T cells are the main source of virus production and endure progressive depletion over the course of infection (21) . While the CD4 ϩ T-cell count serves as one of the major clinical predictors of disease progression, the mechanisms involved in CD4 ϩ T-cell depletion are not clearly understood. HIV-1 infection of activated CD4 ϩ T cells in vitro results in cell death. Expression of several different HIV-1 proteins, including protease, Vif, Vpr, Vpu, Env, Tat, and Nef, has been reported to induce apoptosis or enhance host cell response to apoptotic signals (19) . However, most CD4 ϩ T cells destined to die in the lymph nodes of patients with chronic HIV-1 infection and in simian immunodeficiency virus (SIV)-infected rhesus macaques are not productively infected (17) . Even in acute HIV-1 and SIV infection, when more than 50% of CD4 ϩ T cells in gastrointestinal lamina propria are depleted (20, 38, 41, 43) , only 7% of gastrointestinal CD4 ϩ T cells are found to express HIV-1 RNA at levels detectable by in situ hybridization (38) , although a larger fraction have detectable HIV-1 DNA (41) . Therefore, CD4
ϩ T-cell death can be dissociated from productive HIV-1 infection and subsequent viral-gene expression.
Multiple indirect killing mechanisms have been proposed to result in HIV-1-induced CD4 ϩ T-cell depletion. Increased Tcell turnover and chronic immune activation play important roles in a host's failure to maintain CD4 ϩ T-cell homeostasis (13, 33, 42, 45, 60) . Upregulation of tumor necrosis factor alpha, Fas ligand, and tumor necrosis factor-related apoptosisinducing ligand (TRAIL), as well as increased sensitivity of CD4 ϩ T cells to death ligand-mediated apoptosis, contributes to the demise of uninfected CD4 ϩ T cells (3, 12, 27, 73) . In addition, HIV-1 Tat and Vpr have also been proposed to act in trans to affect the viability of uninfected CD4 ϩ T cells (29, 37) . Extensive in vitro studies have revealed that extracellular HIV-1 Env triggers cell death through a variety of mechanisms (1, 55) , including signaling through CD4 and coreceptor (4, 72) , syncytium formation (39, 54) , and induction of autophagy of uninfected CD4 ϩ T cells (14) . While many studies aimed at understanding CD4 ϩ T-cell depletion in AIDS have focused on uninfected CD4 ϩ T cells, less is known about the fate of HIV-1-infected CD4 ϩ T cells that do not express viral genes. Several groups have addressed the question in the setting of nonproductive infection with defective virions, which are estimated to constitute 99.9% of HIV-1 particles in plasma (56, 61) . Esser et al. demonstrated that aldrithiol 2-inactivated HIV-1 particles, but not recombinant HIV-1 gp120, trigger CD4 ϩ T-cell death when added to peripheral blood mononuclear cells (PBMCs) (15) . It has been proposed that aldrithiol 2 HIV-1-treated plasmacytoid dendritic cells produce type I interferon (IFN) and stimulate CD4 ϩ T cells to express TRAIL (26) . An alternative hypothesis is that noninfectious viral particles may directly kill infected CD4 ϩ T cells. However, studies that tested this hypothesis in activated CD4 ϩ T cells with UV-inactivated HIV-1 have yielded inconsistent results (28, 35) . Interpretation of these data is complicated by the differences between experimental systems, particularly the presence of multiple immune cell types and a prolonged culture period, which increases the susceptibility of primary CD4
ϩ T cells to cell death. How HIV-1 infection affects host CD4 ϩ T cells in the absence of viral replication remains a subject of controversy.
HIV-1 infection of resting CD4
ϩ T cells from peripheral blood does not lead to viral-gene expression due to blocks at multiple steps prior to integration (64, 75) . In chronically infected individuals, the predominant form of HIV-1 in CD4 ϩ T cells is unintegrated virus, which provides an inducible latent reservoir (7, 11, 63) . In previous studies, we demonstrated that preintegration latency reflects a complex set of competing processes, including slow reverse transcription in resting cells, the decay of rescuable virus before and after the completion of reverse transcription, and the virus-induced death of host cells (58, 76) . We reported that resting peripheral blood CD4 ϩ T cells infected by recombinant HIV-1 die more quickly than mock-infected CD4 ϩ T cells (76) . In this study, we extend those findings and demonstrate that resting CD4 ϩ T cells, particularly memory CD4 ϩ T cells, are susceptible to HIV-1-induced cytolysis in the absence of viral-gene expression, while CD4 ϩ T cells stimulated by mitogen are not. We further demonstrate that rapid memory CD4 ϩ T-cell death depends on X4 envelope-mediated HIV-1 fusion. Furthermore, cytokines modulate the susceptibility of memory CD4
ϩ T cells to HIV-1-induced death. We propose a new mechanism of X4 HIV-1-induced T-cell death that may play a role in AIDS pathogenesis.
MATERIALS AND METHODS

Isolation and culture of primary human CD4
؉ T cells. Human PBMCs were isolated from the blood of healthy donors by Ficoll-Paque (Amersham Pharmacia) density centrifugation. Memory and naïve CD4 ϩ T cells were further isolated from fresh PBMCs with negative-selection kits for memory and naïve CD4 ϩ T cells, respectively (Miltenyi Biotec) and cultured at 10 6 cells/ml in RPMI supplemented with 10% heat-inactivated fetal bovine serum (Gemini) (culture medium). In some experiments, the following cytokines (R&D) were added to the culture medium of memory CD4 ϩ T cells 48 h before the cells were infected: interleukin 2 (IL-2) (20 ng/ml), IL-7 (20 ng/ml), IL-15 (20 ng/ml), IFN-␣ (1,000 U/ml), IFN-␤ (1000 U/ml), and MIP-1␣ (20 ng/ml). CD4 ϩ T-cell activation was achieved though stimulation of PBMCs with 0.5 g/ml phytohemagglutinin (PHA) for 3 days. Activated CD4 ϩ T cells were isolated using a negativeselection kit for CD4 ϩ T cells (Miltenyi Biotec) and cultured in RPMI supplemented with 10% heat-inactivated fetal bovine serum, 100 U/ml recombinant human IL-2, and 2% supernatant from activated PBMCs.
Generation of retroviral vectors. The HIV-1-based reporter construct NL4-3-green fluorescent protein (GFP) was used to generate recombinant virus for infection (76) . In this construct, the GFP coding sequence is inserted in frame into the Env coding region, along with an endoplasmic reticulum retention signal to retain the Env-GFP fusion protein in the endoplasmic reticulum. A protease mutant reporter virus, D25N, was constructed by introducing a GAT3AAT mutation in the protease active site using a Quickchange II site-directed mutagenesis kit (Stratagene) with the following PCR primers: sense, 5Ј-GGCAA TTAAAGGAAGCTCTATTAAATACAGGAGCAGATGATACAG-3Ј; antisense, 5Ј-CTGTATCATCTGCTCCTGTATTTAATAGAGCTTCCTTTAATT GCC-3Ј. To generate a Nef Ϫ Vpr Ϫ mutant vector, a deletion of a 204-nucleotide fragment including the first 72 nucleotides of nef was achieved by the ligation of the HapI/BlpI-restricted NL4-3-GFP backbone after it had been treated with mung bean nuclease at 37°C for 20 s. An A3G mutation at the start codon of Vpr was introduced by PCR-mediated mutagenesis with two sets of primers: (i) 5303R, 5Ј-GGAGTCTCCATAGAATGGAGGAAA-3Ј, and ATG mutant L, 5Ј-CTGGGGCTTGTTCCACCTGTCCTCTGTCAGTTTCCTAACA-3Ј; (ii) ATG mutant R, 5Ј-GACAGGTGGAACAAGCCCCAGAAGACCAA-3Ј, and 5744L, 5Ј-GCAGAATTCTTATTATGGCTTCCACT-3Ј. All point mutations were verified by sequencing.
Reporter virus particles coated with HIV-1 envelope protein were generated by transfecting 293T cells with an appropriate proviral vector and X4 HIV-1 envelope expression vector, as previously described (76) . Supernatant containing viral particles was collected 60 h after transfection. Cell debris was removed from the supernatant by centrifugation at 470 ϫ g for 5 min and subsequent filtration through a 0.22-m filter. Viral particles in the supernatant were pelleted through a 20% sucrose cushion by ultracentrifugation at 112,000 ϫ g at 4°C for 1.75 h.
The virus pellet was resuspended in the culture medium and stored at Ϫ80°C. Western blotting. Electrophoresis of proteins was performed using the NuPage system (Invitrogen) according to the manufacturer's protocol. In brief, CD4 ϩ T cells were washed once in ice-cold PBS and incubated in lysis buffer (1% sodium dodecyl sulfate, 60 mM Tris, pH 7.6, and a Complete mini-protease inhibitor cocktail tablet [Roche]) on ice for 15 min. The cell lysate was mixed with 2-mercaptoethanol and 4ϫ loading buffer (Invitrogen) and boiled at 100°C for 5 min before being loaded onto a NuPage 4 to 12% Bis-Tris gel. Following electrophoresis, the proteins were transferred to a polyvinylidene difluoride membrane (Immobilon; Millipore). Western blots were stained with monospecific NuMA serum, monospecific U1-70K serum, and monospecific PARP serum (gifts of Antony Rosen, Johns Hopkins School of Medicine) in blotting buffer (10 mM Tris, pH 7.6, 0.5% NP-40 [Sigma], 0.15 M NaCl). Western Lighting Chemiluminescence Reagent Plus (Perkin-Elmer Life Science) was used to develop the blot. Images were captured using Fluorchem 5500 (Alpha Innotech). Membranes were reprobed by treating them with Restore Western blot stripping buffer (Pierce) and were stained with antibody recognizing ␤-actin (Sigma). To analyze the amount of virion-associated gp120, viral lysate was prepared in the same way as cell lysate. The resulting Western blot was stained with HIV-1 gp120 monoclonal antibody 902 (NIH AIDS Research and Reference Reagent Program). To confirm that the Nef Ϫ Vpr Ϫ mutant construct did not express either Nef or Vpr, lysates of 293T cells transfected with the wild-type or mutant construct were prepared as described above. The Western blot was stained with antibody recognizing Vpr (a gift of Xiaofang Yu, Johns Hopkins School of Public Health) and HIV-1 IIIB Nef monoclonal antibody AE6 (NIH AIDS Research and Reference Reagent Program).
Electron microscopy. Cells were processed for transmission electron microscopy as previously described (25) . Briefly, the cells were fixed for 1 h at room temperature in a solution containing 3.0% formaldehyde, 1.5% glutaraldehyde, and 2.5% sucrose in 100 mM cacodylate (pH 7.4). The cells were gently pelleted, washed in 100 nM cacodylate, and subsequently embedded in 2% ultra-lowtemperature gelling agarose. After being trimmed into 1-mm 3 pieces, samples were stained with OsO 4 (1 h at 4°C), washed once in double-distilled H 2 O, and incubated overnight in Kellenberger's uranyl acetate. The pellet was then dehydrated through a graded series of ethanol and embedded in Embed-812. Sections were cut on a Leica Ultracut UCT ultramicrotome, collected onto 400-mesh nickel grids, poststained in uranyl acetate and lead citrate, and observed at 100 kV in an FEI Tecnai 12 transmission electron microscope equipped with a Soft Imaging System MegaView III digital camera and analysis software.
infected freshly isolated, enriched peripheral CD4 ϩ T cells with X4-tropic recombinant HIV-1 virions in the presence of 3TC, a reverse transcriptase inhibitor. The 3TC blocked the formation of a complete reverse-transcription product and therefore allowed us to examine the cytopathicity caused by early events in the HIV-1 life cycle. A significant percentage of CD4 ϩ T cells in infected cultures displayed the characteristic phenotype of dead cells with reduced cell size, loss of ⌬⌿ m , and positive staining for annexin V and 7-aminoactinomycin D (Fig. 1A) . If the HIV-1 fusion inhibitor T 1249 was added at the beginning of infection, HIV-1-induced cell death was inhibited, as judged by normal cell size, unchanged ⌬⌿ m , and several other criteria, including the electron microscopic morphology (Fig. 2B to E) . Interestingly, exposure to HIV-1 caused an increase in the percentage of annexin V ϩ 7-aminoactinomycin D Ϫ CD4 ϩ T cells that was not blocked by 3TC or T 1249 . This is likely due to initial binding of gp120 to CD4 ϩ T cells, as the subset was not observed in CD4 ϩ T cells infected by vesicular stomatitis virus G (VSV-G)-pseudotyped HIV-1 (see Fig. S1 in the supplemental material). Our results clearly establish that early events in the HIV-1 life cycle trigger CD4 ϩ T-cell death before the completion of reverse transcription.
We next investigated whether subsets of CD4 ϩ T cells have differential susceptibilities to HIV-1-induced early cell death. We examined viable CD4 ϩ T cells for the expression of CD62L and CD45RO at 4 hours postinfection. Compared to the uninfected culture, the percentage of CD45RO high memory CD4 ϩ T cells decreased in the infected culture while the percentage of CD45RO low CD62L high naïve CD4 ϩ T cells increased (Fig. 1B) . The change in the proportion of CD4 ϩ T-cell subsets was probably a result of memory cells being preferentially depleted by viral infection. We further tested the hypothesis with naïve and memory CD4 ϩ T cells isolated from PBMCs. More infected cells than uninfected cells died in both naïve and memory CD4 ϩ T-cell subsets. However, the percentage of dead cells was about twice as high in the infected memory CD4
ϩ T cells as in the infected naïve CD4 ϩ T cells (Fig. 1C) . Activated CD4 ϩ T cells isolated from PHA-stimulated PBMCs were also infected with an equivalent amount of virus in the presence of 3TC. In contrast to unstimulated CD4 ϩ T cells, similar percentages of dying cells were found in infected and uninfected activated CD4 ϩ T cells. This likely reflects activation-induced cell death (Fig. 1C) . Thus, for activated CD4 ϩ T cells, activation-induced cell death is much more prominent, and the cells do not appear to be susceptible to the same kind of HIV-1-induced cell killing observed in quiescent CD4 ϩ T cells.
HIV induces rapid necrotic death of memory CD4
؉ T cells. We sought to further characterize the loss of memory induced cell death also increased ( Fig. 2A) . Notably, even with low MOI, such as 0.1 and 0.2, infection-induced cell death was consistently observed with memory CD4 ϩ T cells from different donors, albeit only in small fractions of the infected cultures (see Fig. S3 in the supplemental material) . The death of memory CD4 ϩ T cells occurred very rapidly, within 6 hours postinfection (Fig. 2B) . To address whether the cells died from caspase-mediated apoptosis, we performed Western blots to look for known markers of caspase activity. The nuclear proteins NuMA, PARP, and U1-70K were cleaved by caspase 3 during apoptosis induced by staurosporin (9, 68) . However, in cultures of infected memory CD4 ϩ T cells in which a large fraction of cells were killed by nonproductive HIV-1 infection, no cleavage of NuMA, PARP, or U1-70K was observed (Fig.  2C) . The percentage of cells harboring active caspase 3 remained the same in cultures undergoing infection-induced cell death as in uninfected cultures (Fig. 2D) . Syncytium formation was also not observed in infected cultures (data not shown). We conclude that rapid death induced by nonproductive infection in resting memory CD4 ϩ T cells is independent of caspase activity.
Morphological analysis by electron microscopy has been used to distinguish necrosis from apoptosis (18, 77) . CD4 ϩ T cells infected by recombinant HIV-1 in the presence of entry inhibitor had the same morphology as uninfected cells. Intact mitochondria were found in both cell populations (Fig. 2E, a,  b , and c). Apoptotic features, such as chromatin condensation (nuclear pyknosis) and an intact cytoplasm, were readily detected in staurosporin-induced cell death (Fig. 2E, d ). However, this was not observed in resting CD4 ϩ T cells infected by recombinant HIV-1. Instead, dead cells in the infected culture were swollen. The cytoplasm appeared electron lucent (Fig.  2E, e) . We also observed swollen, deformed mitochondria in infected memory CD4 ϩ T cells (Fig. 2E, f) . Necrosis is defined as a type of cell death that involves plasma membrane permeabilization without hallmarks of apoptosis or massive autophagic vacuolization (16, 18, 77) . Our data suggest that HIV-1 induces memory CD4 ϩ T cells to undergo necrotic cell death at an early stage of infection.
HIV-1 cytolysis depends on X4 envelope-mediated viral entry. HIV-1 can induce "innocent-bystander" killing of uninfected CD4 ϩ T cells through several mechanisms. To determine whether bystander killing plays a role in rapid virus-induced death of memory cells, we mock infected CFSE-labeled memory CD4 ϩ T cells at the same time that we infected autologous memory CD4 ϩ T cells with recombinant HIV-1. At the end of the spinoculation, the two cell populations were mixed and cocultured. If entry inhibitor T 1249 was added to the culture, only spontaneous cell death was observed in both cell populations. In the absence of T 1249 , the percentage of dying cells was found to increase in infected cells, but not in mock-infected cells (Fig.  3A) . The results of this experiment indicate that CD4 ϩ T-cell death is the result of direct infection, rather than bystander killing.
The results presented above suggest that viral entry into memory CD4 ϩ T cells can induce cell death. To investigate the role of virion-associated envelope protein in triggering memory CD4 ϩ T-cell death, we exposed cells to viruses carrying equivalent amounts of envelope protein but differing in their capacities to enter cells. We generated a protease mutant virus that carried a mutation, D25N, in the enzyme active site (31) . Previous studies have shown that the protease mutant virus is defective in fusion with the host cell plasma membrane due to an immature viral core (47, 74) . Unprocessed Gag protein drives the assembly of mutant virions, which are released into the supernatant. To remove free gp120 in the viral stock, we pelleted viral particles through a sucrose cushion. Protease mutant virus was normalized to recombinant HIV-1 based on the amount of gp120 incorporated into virions (Fig. 3B) . In contrast to infection with recombinant HIV-1, infection with the protease mutant virus did not induce cell death in memory CD4 ϩ T cells (Fig. 3C ). These data suggest that HIV-1 Env binding to receptors is not enough to induce memory CD4 ϩ T-cell death. Instead, postbinding events, such as fusion, are required.
Both X4-and R5-tropic HIV-1 envelope proteins mediate viral fusion at the plasma membrane. We compared the cytopathicities of HIV-1 virions coated with different HIV-1 envelope proteins. Memory CD4 ϩ T cells were infected with equivalent amounts of X4 or R5 pseudovirus based on p24 antigen. No cell death was observed in R5 HIV-1-infected memory CD4 ϩ T cells (Fig. 3D) . The lack of cytopathicity probably reflects inefficient R5 HIV-1 entry due to a low surface expression level of CCR5 on unstimulated memory CD4 ϩ T cells (57) . In contrast to HIV-1 envelope protein, VSV-G glycoprotein allows HIV-1 pseudovirus to enter CD4 ϩ T cells through endocytosis. VSV-G-mediated pH-dependent fusion is triggered in the late endosome (2) . We tested whether VSV-G-pseudotyped HIV-1 has the same cytopathic effect on mem-
ory CD4
ϩ T cells as the recombinant virus that utilizes CXCR4. Memory CD4 ϩ T cells were infected with X4-utilizing virus and VSV-G-pseudotyped virions normalized by the amount of p24 antigen. Cell death was observed only in X4 HIV-1-infected memory CD4 ϩ T cells (Fig. 3E ). Memory CD4 ϩ T cells infected with VSV-G-pseudotyped virions displayed the same viability at 24 h postinfection as uninfected cells. Therefore, HIV-1-induced early cell death depends on X4 Env-mediated viral fusion.
HIV-1 early cytolysis is independent of virion-associated Nef and Vpr. We next tested whether virion accessory proteins play any role in the observed early cell death. HIV-1 packages approximately 10 to 100 Nef molecules per virion. It has been suggested that Nef enhances HIV-1 infectivity in part by facilitating the penetration of the viral core through the cytoskeleton (8, 62) . Vpr is an accessory protein that is packaged into virions in large amounts. Virion-associated Vpr has been reported to arrest activated CD4 ϩ T cells at the G 2 phase of the cell cycle. This arrest occurs even in the presence of reverse transcriptase inhibitor and may lead to cell death (59) . To determine whether Nef and Vpr participate in the killing of memory CD4
ϩ T cells, we introduced a silent mutation at the initiating ATG of vpr and deleted the first 72 nucleotides at the 5Ј end of the nef coding region in the provirus NL4-3-GFP (Fig. 4A) . Nef Ϫ Vpr Ϫ HIV-1 caused as much memory CD4 ϩ T-cell death as the recombinant HIV-1 with intact Vpr and Nef (Fig. 4B) , indicating that neither virion-associated Nef nor Vpr is involved in HIV-1-induced early memory CD4 ϩ T-cell death.
Cytokines modulate memory CD4 ؉ T-cell susceptibility to HIV-1 killing. Unlike peripheral CD4 ϩ T cells, memory CD4 ϩ T cells in lymphoid tissue support productive HIV-1 infection, probably under the influence of cytokines in the microenvironment (38, 71) . To investigate whether cytokines modulate the susceptibility of memory CD4 ϩ T cells to HIV-1-induced early cell death, we cultured memory CD4 ϩ T cells in medium containing various cytokines for 2 days before infection. At 4 h postinfection, we compared the viability of cytokine-treated cells to that of cells that had not been treated (Fig. 5A and B) . Consistent with their important roles in T-cell survival and (26) . In our culture system, type I IFN treatment had minimal effect on the viability of uninfected memory CD4 ϩ T cells. However, type I IFN rendered memory CD4 ϩ T cells resistant to HIV-1-induced early cell death. It has been reported that the chemokine MIP-1␣ secreted by macrophages induces chemotaxis and renders resting CD4 ϩ T cells permissive to productive HIV-1 infection (67) . We observed that MIP-1␣-treated memory CD4 ϩ T cells were less susceptible to HIV-1-induced cell death.
Since we demonstrated that HIV-1 cytolysis depends on X4-mediated viral entry, one possible explanation for the reduced susceptibility to HIV-1-induced cell death could be low expression levels of the HIV-1 coreceptor CXCR4 on memory CD4 ϩ T-cell surfaces upon cytokine stimulation. We found that type I IFN-treated memory CD4 ϩ T cells expressed less CXCR4 on the cell surface than untreated cells (Fig. 5C ). However, under other cytokine treatments, the surface expression level of CXCR4 was unchanged or increased compared to untreated memory CD4 ϩ T cells. Therefore, our data suggest that several cytokines modulate memory CD4 ϩ T-cell susceptibility to HIV-1-induced early cell death through mechanisms other than preventing viral entry.
DISCUSSION
HIV-1 infection of CD4
ϩ T cells is initiated when the virus binds to CD4 and a coreceptor on the cell surface. Conformational changes in HIV-1 gp120 triggered by CD4 binding facilitate coreceptor binding, leading ultimately to the exposure of a fusion peptide, which mediates fusion of the viral envelope with the plasma membrane. After entry and uncoating, reverse transcription occurs within a ribosome-sized preintegration complex that is composed of viral proteins and host factors. Subsequent nuclear import of the preintegration complex and integration of the viral genome into the host chromosome are essential for the virus to establish productive infection. Recent discoveries of APOBEC3G and TRIM5a highlight host restrictions imposed on the virus prior to integration (23, 65) . In this study, we monitored the effects of early events in the HIV-1 life cycle on the viability of the host CD4 ϩ T cells. We demonstrated that X4-tropic HIV-1 triggers the death of quiescent peripheral CD4 ϩ T cells, particularly memory CD4 ϩ T cells, even in the presence of reverse transcriptase inhibitors. In contrast, CD4 ϩ T cells stimulated by mitogen or cytokines are resistant to this mechanism of killing. We have provided the first evidence that early steps of HIV-1 infection have detrimental effects on certain subsets of CD4 ϩ T cells. Focusing on isolated memory CD4 ϩ T cells, we demonstrated that HIV-1 directly kills infected resting memory cells, leaving bystander cells viable. We investigated the molecular mechanism involved in HIV-1-induced early memory CD4 ϩ T-cell death. A large body of literature describes HIV-1 envelope-induced apoptosis of uninfected cells through cross-ligation of CD4, stimulation of CXCR4 or CCR5, or cell-cell fusion (1, 55) . However, we found that HIV-1 cytopathicity in memory CD4
ϩ T cells depends on not only HIV-1 envelope binding, but also viral fusion at the plasma membrane. First, the fusion inhibitor T 1249 efficiently blocked infection-induced CD4 ϩ T-cell death, indicating that cell death occurs upon or after fusion. Second, a protease mutant virus that is inefficient in fusion did not induce cell death, although it carries the same amount of gp120 as the recombinant HIV-1 with wild-type protease. Finally, substitution of VSV-G envelope protein for HIV-1 envelope protein abolished the cytopathicity of HIV-1 viral particles, as the pseudotyped virus released viral core into the host cell cytoplasm through fusion in the endocytic compartment. Deletion of both Nef and Vpr, two virion-associated proteins involved in early events in HIV-1 infection, did not affect the cytopathicity of HIV-1 for CD4 ϩ T cells. It remains possible that other viral proteins, such as protease, may play roles in early cytolysis. Fusion-induced thymocyte depletion has been reported in HIV-1-infected human fetal thymus organ cultures (44) . Our results provide evidence that CXCR4-tropic HIV-1 depletes peripheral memory CD4 ϩ T cells through a novel mechanism that also depends on fusion.
Consistent with the notion that early steps of HIV-1 infection trigger host cell death, memory CD4 ϩ T-cell death occurs within 6 h postinfection. We characterized infection-induced cell death both biochemically and morphologically. Annexin V-positive staining and ⌬⌿ m dissipation have been observed in both apoptotic and necrotic cells (34, 46, 70) . The lack of caspase activation, chromatin condensation, and autophagic vacuoles leads us to conclude that infected CD4 ϩ T cells undergo necrotic cell death. Although necrosis has been considered an uncontrolled form of cell death under nonphysiological stress, some studies suggest that necrosis may be another form of induced cell death involved in the pathogenesis of certain viral infections, such as Sindbis virus infection of motor neurons (10, 24, 48) and severe acute respiratory syndrome coronovirus (69) . Several groups have demonstrated that the death of productively infected CD4 ϩ T cells or T-cell lines is necrotic rather than apoptotic (32, 36, 53) . Whether CD4 ϩ T cells die from necrosis, apoptosis, or autophagy in HIV-1-infected individuals might depend on the nature of the triggering signal and the CD4 ϩ T-cell subsets involved. One concern with the culture model is the large amount of virus that is used to overcome the inefficiency of in vitro infection. While we did not know how many virions per cell are required to trigger necrosis of memory CD4 ϩ T cells, we observed rapid cell death in memory CD4 ϩ T cells infected at an MOI equivalent to 0.1. In other words, the same amount of reporter virus could productively infect only 10% of activated CD4 ϩ T cells. Therefore, necrosis of infected cells is not due to an extremely high MOI.
In contrast to memory CD4 ϩ T cells, we found that naïve CD4 ϩ T cells were less susceptible to fusion-dependent HIV-1 cytopathicity and that activated CD4 ϩ T cells were resistant. The mechanism underlying this differential susceptibility is not understood, since CXCR4 is expressed at sufficiently high levels on all CD4 ϩ T-cell subsets. Interestingly, we found that several cytokines reduced memory CD4 ϩ T-cell susceptibility to HIV-1-induced early cell death, even though some cytokines upregulated CXCR4 expression on the cell surface. It is possible that different survival mechanisms that normally control the homeostasis of naïve, memory, and activated CD4 ϩ T cells determine whether host cells die upon viral entry. Selective depletion of subsets of CD4 ϩ T cells has also been reported in rhesus macaques infected with CXCR4-utilizing simian-human immunodeficiency virus (SHIV). Within 2 weeks after intravenous inoculation, X4-tropic SHIV causes profound loss of peripheral CD4 ϩ T cells, but not of the CD4 ϩ T cells within the intestinal mucosa (22) . Another study reported that both peripheral naïve CD4 ϩ T cells and central memory CD4 ϩ T cells are rapidly depleted by X4-tropic SHIV in infected macaques (50) . While 32 to 88% of circulating naïve CD4 ϩ T cells produce virus at day 10 postinoculation, only 0.8 to 4.2% of memory CD4 ϩ T cells in the blood release infectious virus (49) . These data are in agreement with our finding that infected memory CD4 ϩ T cells die at the early stage of viral infection. Preferential depletion of memory CD4 ϩ T cells may contribute to the pathogenesis of CXCR4-utilizing HIV-1. X4-tropic HIV-1 is rarely associated with acute infection, even in cases of intravenous transmission. Cytotoxic T lymphocytes and humoral control have been proposed as postmucosal selective forces against X4-tropic virus (40) . However, in the late stage of disease, X4-tropic HIV-1 emerges in about 50% of infected individuals and is associated with accelerated loss of CD4 ϩ T cells and faster disease progression. Previous studies have attributed the profound cytopathicity of X4 HIV-1 to syncytium formation, infection, and destruction of a broad range of host cells, including naïve CD4 ϩ T cells and thymocytes (5, 30) . Based on our data, we propose that in acute infection when the majority of peripheral CD4 ϩ T cells are quiescent, the death of host cells without producing progeny virus represents a selective disadvantage for X4-tropic HIV-1. However, in the late stage of the disease, more CD4 ϩ T cells are activated, and they provide the major source for X4 virus production. The nonproductive infection of memory CD4 ϩ T cells has little effect on virus proliferation. Instead, the direct killing of memory CD4 ϩ T cells damages the host's immune response to the virus, as the central role of memory CD4
ϩ T cells has been demonstrated in rhesus macaques infected with SIV (52, 66) . Furthermore, necrotic cells release intracellular molecules through disrupted plasma membranes and elicit proinflammatory responses. Necrosis of HIV-1-infected memory CD4 ϩ T cells may fuel chronic immune activation that affects not only CD4 ϩ T cells, but many immune cell types, and eventually leads to the onset of AIDS. Further understanding of how HIV-1 induces early cell death and what factors determine the susceptibility of CD4 ϩ T cells will shine new light on the host-virus interaction and provide new targets for therapy.
